ϩ , hypoxia, hypercapnia, or acidosis are available. However, a study analyzing the kinetics of quantal secretion is lacking. We report here such a study in which we compare the quantal release of catecholamines from immature rat embryo chromaffin cells (ECCs) and their mothers' (MCCs). Cell challenging with a strong depolarizing stimulus (75 mM K ϩ ) caused spike bursts having the following characteristics. ECCs released more multispike events and wave envelopes than MCCs. This, together with narrower single-spike events, a faster decay, and a threefold smaller quantal size suggest a faster secretory machinery in ECCs. Furthermore, with a milder stimulus (25 mM K ϩ ) enhanced Ca 2ϩ entry by L-type Ca 2ϩ channel activator BAY K 8644 did not change the kinetic parameters of single spikes in ECCs; in contrast, augmentation of Ca 2ϩ entry increased spike amplitude and width, quantal size, and decay time in MCCs. This suggests that in mature MCCs, the last exocytotic steps are more tightly regulated than in immature ECCs. Finally, we found that quantal secretion was fully controlled by L-type voltage-dependent Ca 2ϩ channels (VDCCs) in ECCs, whereas both Land non-L VDCCs (N and PQ) contributed equally to secretion control in MCCs. Our results have the following physiological, pharmacological, and clinical relevance: 1) they may help to better understand the regulation of adrenal catecholamine release in response to stress during fetal life and delivery; 2) if clinically used, L-type Ca 2ϩ channel blockers may augment the incidence of sudden infant death syndrome (SIDS); and 3) so-called Ca 2ϩ promotors or activators of Ca 2ϩ entry through L-type VDCCs may be useful to secure a healthy catecholamine surge upon violent stress during fetal life, at birth, or to prevent the SIDS in neonates at risk. rat chromaffin cell; quantal catecholamine secretion; exocytosis; amperometry; calcium channels THE ADRENAL MEDULLA of the fetal and neonatal mammalians plays a more relevant role in adaptation to stress than in the adult (47). In fact, in newborn humans there is a profound surge of adrenal catecholamine release at delivery (27, 28); this may assist the neonate in adapting respiratory, cardiovascular, and metabolic function to demands of extrauterine life (24). Thus it is not surprising that interfering with the catecholamine surge is associated with decreased survival potential (27, 28, 41) .
THE ADRENAL MEDULLA of the fetal and neonatal mammalians plays a more relevant role in adaptation to stress than in the adult (47) . In fact, in newborn humans there is a profound surge of adrenal catecholamine release at delivery (27, 28) ; this may assist the neonate in adapting respiratory, cardiovascular, and metabolic function to demands of extrauterine life (24) . Thus it is not surprising that interfering with the catecholamine surge is associated with decreased survival potential (27, 28, 41) .
In many species, including humans, sympathetic innervation of autonomic end organs is absent or nonfunctional at birth (7, 8, 20, 36, (42) (43) (44) . In fact, the neonate is predominantly dependent on adrenal medullary catecholamine release for achieving adrenergic responses to stress. In the rat, splanchnic control of adrenal catecholamine release is absent during fetal life and at birth. Some studies show that excised neonatal rat adrenals stimulated with depolarizing concentrations of K ϩ evoke a Ca 2ϩ -dependent pronounced release of catecholamines, indicating that neonatal chromaffin cells contain all the machinery necessary for the exocytotic release of chromaffin granule contents (39, 43, 45, 46) . Such K ϩ -evoked response requires Ca 2ϩ entry through voltage-dependent Ca 2ϩ channels (VDCCs), as first reported by Douglas and Rubin (12) .
Several laboratories have studied the release of catecholamines from fetal and neonatal rat adrenals, adrenal slices, or isolated chromaffin cells stimulated with high K ϩ , hypoxia, hypercapnia, or acidosis (4, 5, 32, 38, 51, 52) . Bounard et al. (5) found that 50% of rat embryo chromaffin cells (ECCs) expressed T-type lowthreshold VDCCs, whereas the other 50% had both T channels and high-threshold VDCCs; only these last channels were involved in secretion. Neither in this study nor in the studies mentioned above, quantal secretion or the subtypes of highthreshold VDCCs controlling such response were approached. Those studies only measured bulk catecholamine release and did not approach the study of the kinetics of single-vesicle secretory events.
We approached here such a study using a carbon fiber microelectrode and the amperometric technique to measure the single-vesicle secretory events from a single isolated ECC (E18) and mother's chromaffin cells (MCC) stimulated with brief K ϩ pulses. We found drastic kinetic differences in quantal size, quantal content, foot frequency, spike shape, and event secretory patterns that suggest different modes of catecholamine release during fetal life and adulthood. Furthermore, we found that blockers of the distinct high-threshold VDCC subtypes differently inhibited quantal secretion from ECCs and MCCs. To our knowledge, this is the first study reporting such drastic differences between quantal secretion in ECCs and MCCs. These data may contribute to better understand the physiological role of quantal catecholamine release upon stressful situations of fetal and early postnatal life before chromaffin cell secretion is neurologically controlled by the splanchnic nerve.
METHODS
Cell culture. All experimental procedures with animals were performed following the rules of and approved by the Universidad Autónoma medical school's ethical committee for the care and use of animals in research, in accordance with the European Community Council Directive of November 24 1986 (86/609/EEC) and with the Spanish Real Decreto of October 10 2005 (RD 1201/2005). All efforts were made to minimize animal suffering. Rats were housed individually under controlled temperature and lighting conditions with food and water provided ad libitum.
Chromaffin cells were obtained from 18-day-old (E18) rat embryos by a protocol previously described for mice (49) with some modifications: the pregnant Wistar rat was killed by decapitation, and the fetuses were rapidly extracted and immediately decapitated. Adrenal glands were then removed from the embryos, fat-trimmed, and introduced in 1 ml of an enzymatic solution of identical composition to the one described by Sorensen et al. (37) . Papain (15-20 U/ml) was added for tissue digestion. Adrenals were digested for 10 min; 750 l of another solution aimed at stopping the enzymatic reaction were then added for 5 min. This solution was exchanged by 1 ml DMEM, and glands were minced with a 1-ml micropipette, filtered through an 80-m nylon mesh, and centrifuged for 10 min at 800 rpm. The supernatant was removed, and 600 to 1,200 l of DMEM were added. A 50-to 100-l drop of cell-containing solution was plated on poly-D-lysine-coated coverslips of one or two 12-well plates. After 1 h in an incubator, 1-2 ml DMEM supplemented with 5% fetal bovine serum, 50 IU/ml penicillin, and 50 g/ml streptomycin were added to each well. The glands of the mother rat were also removed. Chromaffin cells were obtained by applying a similar protocol to that described above with slight differences; i.e., previous to digestion the medulla was dissected out, 40 U/ml papain were added to the enzymatic solution, and digestion time was 50 -60 min. Experiments were carried out in cells that were kept in a water-saturated incubator at 37°C and a 5% CO2 atmosphere for 1 to 7 days.
Amperometric recordings. Catecholamines released from single cells were measured by amperometry (9, 56) . Electrodes were built as previously described (25) by introducing a 10-m diameter graphite fiber (Amoco) into glass capillary tubes (Kimble-Kontes). These tubes were then pulled (Narisighe PC-10 pipette puller), and the carbon fiber was inserted in both thin ends of the pulled tube and was cut with a pair of small scissors obtaining thus two pipettes with a carbon fiber piece sticking out of each tip. The tip was sealed by a two-component epoxy (EPIKOTE 828-Miller-Stephenson, Danbury, CT; and m-phenylendiamine, 14%, Aldrich, Steimheim, Germany). The electrodes were left overnight to dry, introduced into an oven at 100°C for 2 h, and then kept another 2 h at 150°C. The amperometer was homemade (UAM workshop) and connected to an interface (PowerLab/4SP ADInstuments) that digitized the signal at 10 kHz sending it to an Apple McIntosh Power PC computer that displayed it within the Chart V. 4.2 software (ADInstruments). A 730-mV potential was applied to the electrode with respect to an AgCl ground electrode. The electrodes were calibrated following good amperometric practices (29) by perfusing 50 mol/l-norepinephrine dissolved in standard Tyrode and measuring the current elicited; only electrodes that yielded a current between 200 and 400 pA were used. The coverslips were mounted in a chamber on a Nikon Diaphot inverted microscope used to localize the target cell, which was continuously superfused by means of a five-way superfusion system with a common outlet driven by electrically controlled valves, with a Tyrode solution composed of (in mmol/l) 137 NaCl, 1 MgCl2, 5.3 KCl, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.3, NaOH). The high K ϩ solutions were prepared by replacing equiosmolar concentrations of NaCl with KCl. At the time of experiment performance, proper amounts of drug stock solutions were freshly dissolved into the Tyrode solution.
Chemical products. Products to make saline solutions, BAY K 8644, and nimodipine were purchased to Sigma (Sigma-Aldrich, Madrid, Spain). -Conotoxin MVIIC was from Peptide Institute (Osaka, Japan). DMEM was from GIBCO (Scotland, UK), fetal bovine serum was from PAA laboratories (Pasching, Austria), and papain was from Worthington (Lakewood, NJ).
Data analysis and statistics. Total amperometric charge was calculated by integrating the amperometric current signal over time during the 10-s stimulus duration by means of a macro written in Igor Pro software (Wavemetrics). Number of spikes was manually counted on an extended graph displayed in the computer screen. We chose 10 pA as a reasonable cut-off for spike amplitude; a ruler was drawn at 10 pA and spikes greater than 10 pA amplitude were considered. Single spike analysis was carried out by means of an Igor macro kindly made publicly available by the Sulzer lab from the Department of Neurology and Psychiatry, Columbia University, New York, NY (written by E. Mosharov, http://www.sulzerlab.org/download.html). Recordings were filtered offline at 1 kHz. The macro identified well-isolated spikes of 5 pA; this value was chosen as a minimum amplitude to take into account as much spikes as possible and perform a more complete single spike analysis. All events were visually checked one by one. For spike selection the following criteria was applied: the macro calculates a baseline for every spike that starts a few milliseconds before the spike; I max and Q are calculated from this baseline. We chose baselines that were parallel to the abscissa axis; if no such baseline could be calculated the spike was discarded. Overlapping spikes were also discarded.
ECCs showed a wave envelope more frequently (a rise with a slow return to baseline on top of which isolated and overlapping events could be observed; see first and second sections in RESULTS and Fig. 1 ) than that seen in MCCs. It could happen that events in cells that showed this wave envelope were kinetically different. In the case of the wave envelope we are implicitly assuming that in the resolvable spikes the rising phase starts on top of the envelope, in which case the rising phase parameters should not be affected. Perhaps the last part of the decay of the spike could be somewhat affected, which would result in deflated Q values. To test whether this way of analyzing was introducing a bias, we analyzed separately the event parameters of the ECCs that showed wave envelopes and compared them with those that did not show them. There was no statistical difference in any of the parameters, and the values were similar to those found pooling all cells together (see Table 1 ). This result shows that no underestimation or overestimation is made with the analysis performed and allows the pooling of all the cells together for single spike analysis. ECCs showed also more overlapping spikes (see second section in RESULTS and Fig. 2 ). If overlapping events were different from isolated events, our samples could not be representative of the entire population of quantal events emitted by the chromaffin cells and a bias could have been introduced; for this reason we decided to analyze at least 20 spikes per cell to reduce as much as possible any bias. We did not notice visually any special peculiarities in overlapping spikes compared with isolated. Additionally, an article published recently (3) suggests that there is no difference in the spike kinetics between recordings with a lot of overlapping events and recordings with few multispike events, providing that a sufficient number of isolated spikes are analyzed per cell. They compare amperometric recordings obtained from chromaffin cells with microelectrodes of different diameters. Obviously larger diameter electrodes have higher probability of multiple spike appearance (up to 51% according to Amatore et al. in Ref. 3) , whereas thinner microelectrodes have lower probability of overlapping spikes (17%). If leaving out of the analysis the overlapping spikes introduced a bias in the kinetic properties of the spikes and since the percentage of overlapping spikes with thicker electrodes is three times that of the thinner electrodes, a difference in some kinetic parameters should appear when the cells are challenged with the same stimulus (there is no reason to think that the diameter of the electrode affects the way in which exocytosis occurs). However, Amatore et al. (3) report statistically similar Qamp, Iamp, halfwidth, and t20-90 values obtained with several different diameter electrodes; also the percentage of prespike feet remains constant.
The macro calculated automatically the kinetic parameters; then the mean of all spikes for every parameter was calculated cell by cell. Tests for statistical differences between groups were performed using these means; i.e., one value per cell and per parameter; this is a more reliable method for statistical comparisons performed on amperometric single spike data (6, 31) . Data are presented in box-and-whiskers plots: the line inside the box depicts median values, the size of the box is given by the distance between the 25th and the 75th percentiles; upper "whisker" reach the 90th percentile and lower "whisker" the percentile 10. Box plots are a more informative way of presenting data, since they give a more precise idea of the scatter of the sample with the 10th, 25th, 75th, and 95th percentiles and the median. Means Ϯ SE are also indicated throughout the text, in the figure legends, and in tables. Data sets were tested for normality (Kolmogorov-Smirnov normality test), an assumption for the application of the Student's t-test or ANOVA. We found that most groups didn't fit well to normal distributions, thus two nonparametric statistical tests were used: Mann-Whitney's rank sum test to compare two samples or Kruskal-Wallis' repeated measures one-way ANOVA on ranks for more than two groups; in the case of the finding of statistically significant differences, Dunn's multiple comparisons versus control group post hoc test was applied to determine which groups were statistically different. In some instances were parametric test assumptions were fulfilled, we also performed parametric tests (Student's t-test or one-way ANOVA with Bonferroni versus control group post hoc test when appropriate) and compared the results with those of the nonparametric tests. Both tests produced similar results. All statistical analysis was performed using SPSS 13 (SPSS, Chicago, IL) and MS Excel (Microsoft, Redmond, WA). A P value equal or smaller than 0.05 was taken as the limit of significance. (10, 35) ; this will cause the rapid activation of VDCCs, Ca 2ϩ entry, and the release of a burst of spikes as a result of the release of catecholamine quanta, which will be detected by the carbon fiber electrode (56) .
RESULTS

Secretion evoked by cell perifusion of depolarizing 75 K
When stimulated with a 10-s 75 K ϩ pulse, both ECCs and MCCs responded with a burst of secretory spikes. Sometimes the secretory activity extended 3-4 s after the K ϩ pulse but in others the secretory activity ceased 2-3 s before the end of the K ϩ pulse. When the integrated area of the entire spike burst was plotted (cumulative charge in pC), the secretion response from MCCs had a 35% greater total cumulative charge (quantal content) compared with ECCs ( Fig. 1C, right) . It was noteworthy that the number of spikes in the burst was similar in ECCs and MCCs (Fig. 1C, left) ; this suggests that the area of single amperometric events (quantal size) should be greater in MCCs, as discussed in the next section.
Differences in spike shapes between the K ϩ secretory responses of ECCs and MCCs. Soon after the first description of the use of a carbon fiber electrode to measure single-vesicle secretory events with amperometry (56), the discovery that some spikes were preceded by a "foot" was reported. This foot was interpreted to be due to a slow catecholamine release through a narrow fusion pore, which precedes the full-pore expansion and the rapid release of the catecholamines present in a vesicle, which gives rise to the fast amperometric spike (9).
The frequency of spikes with foot and stand-alone spikes greatly varies in chromaffin cells from different species and experimental conditions (2, 48, 55) , reflecting different modes of secretion. Thus it was interesting to see whether the K ϩ -elicited spike events were preceded by a foot and the percentage of such events in ECCs and MCCs.
In this and the following sections, we analyze the events generated by the 10-s 75 K ϩ pulse only in those cells that produced 20 or more resolvable single spikes larger than 5 pA. Figure 2A shows two superimposed spikes preceded by a foot, taken from records in an ECC and a MCC. Note the smaller sizes of foot and spike in the ECC event when compared with Three such consecutive 75-K ϩ pulses were given every 5 min with similar results to the first pulse in both parameters to both ECCs and MCCs. ***P Ͻ 0.001 Mann-Whitney rank-sum test.
the MCC event. Figure 2B shows superimposed examples of isolated events with no foot. Again, the ECC spike was substantially smaller than the MCC spike. The frequency of spikes with foot was significantly higher in MCCs (70%) than in ECCs (45%) (Fig. 2C) .
We also analyzed the proportion of well-defined and separated single spikes and trace segments having multiple spikes that did not reach baseline individually. Multiple spikes are likely an indication of faster release of catecholamines from docked vesicles that are already primed to undergo exocytosis (33) , upon Ca 2ϩ entry through VDCCs that were fully activated by the 75-K ϩ pulse, an stimulus known to cause a strong depolarization in current-clamped chromaffin cells (35) .
In counting the number of multiple and single spikes in the secretion traces obtained from ECCs and MCCs stimulated with a 75-K ϩ pulse, we found pronounced differences. An example segment of an ECC trace is shown in Fig. 3A ; note the multiple spikes along the trace. This sharply contrasts with the example segment trace of Fig. 3B that belongs to a MCC; two multiple events having two spikes each are indicated by arrows. Figure 3C shows the proportion of multiple spikes seen in ECCs and MCCs; whereas the ECC secretory traces contained as much as 42% of multiple spikes, the MCCs only had around 9% of such spikes.
We also counted the number of cells that showed an initial pronounced wave envelope and found that 43% ECCs showed this behavior against only 12% MCCs. We counted the number of smaller wave envelopes along the stimulation period as well; 100% ECCs and 70% MCCs presented such responses.
Frequency histogram analysis of the number of spikes and the quantal size of single events in ECCs and MCCs. We used 10-s 75-K ϩ pulses to elicit a burst of secretory events. Under this prolonged cell depolarization, VDCCs will undergo inactivation and the secretory activity will tend to decay (54) . This seemed to be the case when analyzing the number of spikes found in each secretory burst as a function of stimulation time (Fig. 4A) . It was interesting that the number of spikes present in each 1-s trace segment was similar in ECCs and MCCs, except at the second 13 where MCCs had more spikes. These data agree with those obtained counting total number of spikes when the whole secretory response trace was measured (Fig.  1C, left) .
We also felt of interest to determine the number of spikes as a function of spike amplitude. Here, we found clear differences. For instance, at 5-50 pA amplitude, ECCs produced around 30% more spikes. However, at higher event amplitudes, MCCs had more spikes. This is consistent with the fact that MCCs had spikes of greater amplitude when compared with ECCs (see Fig. 2, A and B) .
Drastic differences in quantal content of individual secretory events were also found, as shown in the histogram of Fig. 4C .
Irrespective of spike amplitude, the mean quantal size was about two-to threefold higher in MCCs when compared with ECCs.
Since the quantal size of single spikes was threefold higher in MCCs (Table 1) , an obvious prediction was that the 45 spikes secreted by a K ϩ -depolarizing stimulation in MCCs should give a total integrated charge threefold higher than that resulting from the integration of the 45 spikes from ECCs. It was surprising though that MCC total cumulative charge was only 35% above the ECC response (Fig. 1D , right two columns). We thought that this "hidden" secretion that appears in the total cumulative charge could be due to differences in the way bulk secretion occurs. Whereas MCC spikes tended to be detected as single events or in scattered groups of a few overlapping spikes, a larger amount of ECCs showed a wave envelope shape at the beginning of the response possibly due to a massive fast initial secretion (see Fig. 1A ). To quantify differences in this behavior between ECCs and MCCs, we counted the number of cells that showed an initial pronounced wave envelope. Thus, as pointed out in the previous section, 43% of ECCs showed this behavior against only 12% of MCCs. We also counted groups of smaller wave envelopes along the stimulation period; 100%
Kinetic analysis of spike and foot events obtained in ECCs and MCCs stimulated with a 75-K
ϩ pulse. To analyze the kinetic parameters of single secretory events, we selected from each trace those departing and returning from baseline; thus, we discarded those events having two or more spikes (Fig. 2,  A and B) . Given that ECCs had 42% of overlapping events and MCCs only 12%, discarding multiple events could distort the comparison. We give some reasons why this is not the case in the METHODS. We analyzed a large number of cells and spikes (1,806 single spikes from 45 ECCs and 1,419 single spikes from 41 MCCs) to obtain a representative sample of the events emitted by both cell types. Table 1 summarizes the differences in the kinetic parameters of ECC and MCC spikes. Rise rates were similar in both cell types; however, spike amplitude (I max ) was 80% higher in MCCs. Considering that the quantal size is threefold higher in MCCs, the t 1/2 (an indication of spike width) and decay time must be greater in MCCs when compared with ECCs. This was the case since t 1/2 and decay times were almost double in MCCs (Table 1) . Table 2 summarizes the kinetic parameters of spike feet. We found no differences in foot amplitude between ECCs and MCCs. However, foot duration was 60% longer in MCCs; this could explain that the foot charge was larger in MCCs when compared with ECCs.
Effects of nimodipine and -conotoxin MVIIC (MVIIC) on quantal catecholamine release responses evoked by 75-K
ϩ pulses given to ECCs and MCCs. Adult rat chromaffin cells express L (␣ 1D , C av 1.3), N (␣ 1B , C av 2.2), and PQ (␣ 1A , C av 2.1) VDCCs. The relative contribution of each channel type to Ca 2ϩ current (16) and secretion (26) in these cells has been studied by using selective blockers. Here, we have used nimodipine (3 M) and MVIIC (1 M); at this concentration, nimodipine completely blocks L-channels of chromaffin cells and MVIIC blocks the non-L-channels (N/PQ) (see García et al., Ref. 18) . We therefore used these blockers to define the contribution of L-and non-L channels to the quantal catecholamine release evoked by 75-K ϩ pulses given to ECCs and MCCs.
We used a sandwich-type experiment consisting in the application of three sequential 10-s 75-K ϩ pulses to each cell, separated by a 5-min resting period (P1, P2, and P3). With this protocol, the integrated secretion of catecholamines and the number of spikes in the burst was similar along the three pulses (data not shown). In ECCs, nimodipine, given 30 s before and during P2, almost fully suppressed the secretory response, which readily recovered upon the drug washout (see the example top trace of ECC in Fig. 5A ). In contrast, nimodipine only partially blocked the secretion of MCCs (bottom trace of Fig. 5A ). Quantitative normalized data of 21 ECCs and 17 MCCs are plotted in Fig. 5 , B and C, respectively. Nimodipine reduced by over 90% the spike number and the cumulative charge of the spike burst elicited by K ϩ in ECCs (P2); after washout, both parameters recovered to about 80% of the initial (P1) response. In contrast, in MCCs nimodipine reduced spike number by 60% and quantal content by 50%, also in a reversible manner.
Experiments with MVIIC are shown in Fig. 6 . Figure 6A shows the K ϩ -evoked spike burst triggered by three subsequent K ϩ pulses given to an ECC; the three traces were quite similar, despite the fact that MVIIC was present 1 min before and during the application of the K ϩ pulse P2 (top traces). In contrast, MVIIC reduced the P2 response in the example MCC trace shown at the bottom of Fig. 6A . Quantitative normalized data from 16 ECCs and 12 MCCs are shown in Fig 6, B and C. Whereas MVIIC did not modify the secretory response (measured as spike number and quantal content of bursts) in ECCs, the toxin reduced the spike number by 45% and cumulative charge by 60% in MCCs, an effect quantitatively similar to that of nimodipine (compare Fig. 5C with Fig. 6C ). It was curious that this blocking effect of MVIIC was partially reversible; this may be due to two reasons: 1) the pretreatment period with the toxin before P2 application (1 min) was insufficient for irreversible binding of the toxin to N/PQ channels; and 2) the toxin binds irreversibly to PQ channels but reversibly to N channels (17) . We addressed these issues by performing experiments with -conotoxin GVIA (a specific N-type Ca 2ϩ channel blocker at a concentration of 1 M) and -agatoxin IVA (a specific P/Q type Ca 2ϩ channel blocker at a concentration of 1 M). The perfusion of the combination of both toxins for 3 min previous to a 75-K ϩ stimulus produced no significant effect, neither in the integrated amperometric current nor in the number of spikes, with regard to the control pulse on 4 ECCs of two different cultures, while it strongly blocked the secretion of 5 MCCs.
Secretory responses of ECCs and MCCs upon stimulation with milder depolarizing stimuli: effects of BAY K 8644.
Differences in the modes of quantal catecholamine release from chromaffin cells stimulated with low-and high-intensity Embryonic chromaffin cells (ECCs) and mothers' chromaffin cells (MCCs) (rows) were compared for each single spike parameter (columns) using the nonparametric Mann-Whitney rank sum test. Significant differences between both cell types are symbolized with asterisks in the ECC row. Data are presented as means Ϯ SE; median is also shown, below mean, between parentheses. Statistical tests were performed using the mean of at least 20 spikes per cell for each parameter. *P Ͻ 0.001. depolarizations have been reported (15) . We, therefore, investigated whether differences in quantal secretion observed when using 75-K ϩ pulses were also seen with milder stimuli, for instance, 10-s pulses based in a solution containing 25 mM K ϩ (25K ϩ ). This K ϩ increase in the extracellular solution causes a 20-mV depolarization in current-clamped chromaffin cells (35) . We also explored whether BAY K 8644, an L-type Ca 2ϩ channel activator that at 0.3 M drastically enhances the release of catecholamines from chromaffin cells stimulated with mild K ϩ depolarizations (19) , could differentially affect quantal secretion in ECCs and MCCs. Figure 7A shows spike bursts obtained from an example ECC and MCC stimulated with three sequential 10-s 25 K ϩ pulses (P1, P2, P3) given at 5-min intervals. These three pulses produced similar burst responses in ECCs and MCCs (10 ECCs and 10 MCCs of 2 and 3 different cultures; data not shown). When BAY K 8644 was perifused for 1 min before and during P2, the 25 K ϩ elicited responses considerably augmented in both ECC (Fig. 7A, top) and MCC cells (bottom). This augmentation was reversible since burst secretion returned to levels of P1 upon BAY K 8644 washout (P3). Normalized pooled data are shown in Fig. 7 , B (ECC) and C (MCCs). In ECC, BAY K 8644 augmented over twofold the spike number and quantal content of burst secretion in ECCs. This increase was milder in MCCs, about 70%.
Kinetic analysis of spike events obtained in ECCs and MCCs stimulated with a 25-K
ϩ pulse given in the absence or the presence of BAY K 8644. We used here the same criteria followed to select and analyze the spike events of secretory bursts elicited by 75-K ϩ pulses (Table 1 ) but here we demanded a minimum of 15 spikes per cell to perform the kinetic analysis not 20 due to the lower number of spikes emitted by the 25-K ϩ stimulus. ECCs and MCCs (rows) were compared for each single spike parameter (columns) using the nonparametric Mann-Whitney rank sum test. Significant differences between both cell types (ECC row): *P Ͻ 0.001. Data are presented as means Ϯ SE; median is also shown, below mean, between parentheses. Statistical tests were performed using the mean of at least 20 spikes per cell for each parameter. ϩ pulse drastically and reversibly reduced the ECC secretion, whereas it only partially reduced the amperometric signal of the MCC. Results are pooled and plotted in B and C. Statistical parametric and nonparametric tests yield the same highly significant difference between the control and nimodipine responses. Nimodipine-elicited reduction of secretion is also statistically different between ECCs and MCCs. ***P Ͻ 0.001, ANOVA and ANOVA on ranks run on results from 21 ECCs from 6 different cultures and 17 MCCs from 4 cultures. lated with 25 K ϩ /BAY K 8644, suggesting that the release of greater number of spikes did not change their kinetics.
In MCCs stimulated with 25 K ϩ , spikes were also slower and smaller that those elicited by 75 K ϩ , as judged by slower rise rate (30 vs. 51 pA/ms), smaller I max (48 vs. 74 pA), greater width (6.8 vs. 5.2 ms), and slower decay (7.2 vs. 5.3 ms) ( Table  3) . In contrast to ECCs, in MCCs the quantal size was smaller with 25 K ϩ when compared with 75 K ϩ (0.34 vs. 0.53 pC). Whereas in ECCs spike kinetics was similar with 25 K ϩ or 25 K ϩ /BAY K 8644, in MCCs there was a substantial variation in some of the kinetic parameters. The rise rate was slightly slower (38 pA/ms with 25 K ϩ -BAY K 8644 vs. 33 pA/ms with 25 K ϩ ). However, I max increased (72 vs. 48 pA), t 1/2 also augmented (8.1 vs. 6.8 ms), and decay time was elevated as well (8.6 vs. 7.2 ms), indicating that BAY K 8644 caused greater and wider spikes with an obvious higher quantal size (0.7 vs. 0.34 pC). Table 3 also allows the comparison between ECC and MCC spikes produced by 25-K ϩ pulses, with or without BAY K 8644. Differences were particularly notorious when cell stimulation was performed in the presence of BAY K 8644. Although the rise rate was only slightly greater in MCCs compared with ECCs (30 vs. 26 pA/ms), I max was more than doubled (72 vs. 34 pA), t 1/2 was prolonged by 80% (8.1 vs. 4.7 ms), decay time was augmented by 85% (8.6 vs. 4.8 ms), and the quantal size was enhanced more than threefold (0.7 vs. 0.20 pC). In the absence of BAY K 8644, spike parameters were also greater in MCCs when compared with ECCs but to a lesser extent (Table 3) .
DISCUSSION
In this study we have found pronounced differences between the quantal catecholamine release responses triggered by K ϩ depolarization of chromaffin cells from rat embryos and their mothers. Such differences concern burst secretion, the shape of secretory events, the kinetics of individual secretory spikes, and the subtype of VDCCs involved in triggering exocytosis.
Cumulative burst secretion triggered by a 75-K ϩ pulse (measured as the integrated area of all spikes plus the wave envelope) was 35% higher in MCCs when compared with ECCs (Fig. 1C, right) . This is consistent with the greater quantal size of individual spikes in MCCs. Considering that MCCs had a threefold greater quantal size than ECCs (Table 1) and that spike number was similar (Fig. 1C, left) , the quantal content of the bulk secretion should have been greater than 35%. This discrepancy may be due to the inclusion of the wave envelope in the calculation of cumulative secretion of burst traces; such initial wave envelope was found more frequently in ECCs (43% of traces) than in MCCs (12% of traces). Additionally, ECCs exhibited as much as 42% of complex spikes compared with only 9% in MCCs. This may explain that the cumulative secretion ratio MCC/ECC (1.35) was substantially smaller than the MCC/ECC quantal size (Ϸ3).
The different shapes of single secretory events and the distinct kinetics of single spikes favors the view for two different modes of exocytosis mediating the release of catecholamines from the adrenal medulla during fetal and adult life. Greater frequencies of double or triple spikes and of wave ϩ . In the original recordings of A (top), the striking lack of effect of the toxin on ECCs can be observed. When it is compared with its effect on MCCs (bottom), it produced a marked reduction in the release spike number. Indeed, pooled ECCs results (B) show the absence of effect; the three stimulations elicit similar responses as assayed by integrated charge and number of spikes. In contrast, MCCs show a reduction of around 50% (C). ***P Ͻ 0.001 ANOVA on ranks sum test; 12 MCCs from 3 different cultures.
envelopes suggest a faster secretion in ECCs from a docked ready release vesicle pool (33) .
The higher number of spikes with foot in MCCs (70%) than in ECCs (45%) (Fig. 2C) indicates that secretion must be slower in adult compared with fetal life. It is well established that the foot is due to a small fusion pore that permits the escape of small amounts of catecholamines from the vesicle and that the subsequent fast spike is due to full expansion of the fusion pore (9) . The kinetic parameters ( Table 1 ) also indicates that secretory spikes were equally faster as far as their rise rate was concerned in both ECCs and MCCs; however, smaller I max , t 1/2 and decay time support a faster rate of catecholamine release in ECCs when compared with MCCs.
We found another curious difference between ECCs and MCCs upon stimulation with a lower K ϩ concentration (25 mM). This milder depolarizing stimulus produced secretory events with kinetic parameters consistent with a slower secretion in both cell types. Upon increasing Ca 2ϩ entry through L-VDCCs by using BAY K 8644, the kinetic parameters were enhanced in MCCs but not in ECCs (Table  3 ). Thus it seems that excess Ca 2ϩ entry, either by applying a strong depolarizing stimulus (75 K ϩ ) or a mild depolarizing stimulus (25 K ϩ ) in the presence of BAY K 8644, altered the kinetic parameters of spike events in MCCs but not in ECCs. This suggests that in adult chromaffin cells the final steps of exocytosis are tightly regulated by Ca 2ϩ entry (1, 15); this regulation does not seem to be established in immature and denervated fetal cells.
A last drastic difference between the regulation of quantal catecholamine release in ECCs and MCCs concerns the distinct roles of L-and non-L-(N/PQ) VDCCs in controlling the secretory responses elicited by 75-K ϩ pulses. The relative contribution of each channel type to the whole cell Ca 2ϩ current (I ca ) in adult rat chromaffin cells has been previously studied (16) . L channels account for 50 -60% of I Ca , which also control a similar proportion of the secretory response (26) . On the other hand, ECCs express both high-voltage activated Ca 2ϩ channels and low-voltage activated (T-type) channels, but only the first contribute to catecholamine secretion in embryonic chromaffin cells (5) . No studies are available to discern how the different VDCCs contribute to provide the necessary Ca 2ϩ to elicit exocytosis during cell depolarization. In the present study we found that in ECCs, L channels dominated the control of secretory responses elicited by 75 K ϩ pulses, N/PQ channels making little contribution. This was not the case for MCCs where L-and non-L channel types contributed near equally to the control of secretion (Table 4 ). It could be argued that during fetal life, only L-type channels are expressed; however, in preliminary experiments using the patchclamp technique in its whole cell configuration, we have found that the inward Ca 2ϩ currents have components that are equally sensitive to 3 M nimodipine and 1 M MVIIC (data not shown); this suggests that ECCs do express functional N/PQ channels that are not capable, however, of providing the necessary Ca 2ϩ to trigger the release of catecholamines in these cells. The possibility that L channels are coupled to the exocytotic machinery more tightly than N/PQ channels deserves further studies. An alternative possibility is that in ECCs, N/PQ channels are inactivated more rapidly than L channels, as happens to be the case in bovine chromaffin cells (22, 54) . It is noteworthy that secretion activity remained along the 10-s duration of the 75-K ϩ pulse (Fig. 1, A and B) , although it exhibited a tendency to decline with time (Fig. 4A) . It is likely that N/PQ channels, but not L channels, are already inactivated within the first second of the 75-K ϩ stimulus (21, 54) . Although this argument seems sound, we should consider that the long stimulus with 75 K ϩ must also preferentially inactivate the N and PQ channels. Thus the different inactivation rates of L and non-L channels may not explain their distinct contribution to secretion control in ECCs and MCCs.
Our study has physiological and clinical implications. The adrenal medulla of the fetal and neonatal organism plays a more relevant role in adaptation to stress than in the adult (47) . In fact, in newborn humans there is a pronounced surge of adrenal catecholamine release at delivery (27, 28) ; this may assist the neonate in adapting respiratory, cardiovascular, and metabolic functions to demands of extrauterine life (24) . Thus it is not surprising that interfering with this catecholamine surge is associated with decreased survival potential (27, 28, 41) . In this constext, our results suggest that treatment of pregnant women with L-type Ca 2ϩ channel blockers, particularly with 1,4 dihydropiridine derivatives such as nifedipine that crosses the placental barrier (13), may be formally contraindicated because they can drastically reduce the catecholamine surge occurring during delivery and at birth. In fact tocolysis with nifedipine has caused fetal death (53) . This has been attributed to severe hypotension caused by nifedipine (34); however, our results suggest that blockade of fetal adrenal catecholamine release and impairment of adaptation to stress may drastically augment the risk of fetal toxicity and even fetal death. Furthermore, our results also suggest that an L-type Ca 2ϩ channel activator could be a good therapeutic tool MCCs as well as ECCs with or without BAY K 8644 (BAY K) were compared. Imax, t1/2, and Q were statistically different in MCCs ( †P Ͻ 0.05; † †P Ͻ 0.01 Mann-Whitney rank-sum test), whereas kinetics of ECCs pretreated with BAY K did not differ from the 25-K ϩ pulse. All kinetic paramenter except rise rate of BAY K-treated MCCs were statistically different from BAY K-treated ECCs (*P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001 Mann-Whitney rank-sum test). t1/2, Q, and Decay 75-25 differed significantly between ECCs and MCCs stimulated with 25-K ϩ pulses ( §P Ͻ 0.05 Mann-Whitney rank-sum test). Groups were compared using Kruskal-Wallis one-way analysis of variance on ranks and Bonferronis's multiple comparisons versus control group post hoc test to find which groups differed statistically from ECC nimodipine (* symbol) or MCC nimodipine ( † symbol). Both, Qamp and spike number yielded similar results. MCC MVIIC group, ECC MVIIC group, and MCC nimodipine were statistically different from ECC nimodipine (*P Ͻ 0.001). ECC MVIIC and ECC nimodipine groups were statistically different from MCC nimodipine group ( †P Ͻ 0.001) in both number of spikes and Qamp parameters. Mother MVIIC and nimodipine groups were statistically equal. Even when the data did not fulfill the equal variance assumption, a parametric ANOVA followed by Bonferroni's post hoc test against control group was also performed resulting in exactly the same results. Data are presented as means Ϯ SE and also as medians inside parentheses.
to decrease the risk of sudden infant death syndrome (SIDS). The clinical use of one activator such as BAY K 8644 is precluded by its potent vasoconstriction, cardiac inotropic, and arrhythmogenic effects (40) . However, there are other calcium channel agonists that cause little vasoconstriction and cardiac inotropic effects. For instance, we synthesized a 1,4-dihydropiridine derivative named PCA50941 (50) that caused little coronary vasoconstriction and cardiac inotropic effect compared with BAY K 8644 (37) . Furthermore, PCA50941 activated adrenal medullary catecholamine release (30) ; whereas BAY K 8644 reduced coronary blood flow, augmented arterial pressure, left ventricular pressure, and dP/dt, PCA50941 did not change these parameters (14) . Thus an L-type channel agonist with this pharmacological profile could be of therapeutic interest to treat SIDS.
